Background Oxidative stress has been implicated in sarcopenia and the loss of muscle strength with aging, but the relationship between oxidative stress and decrease in muscle strength and physical performance has not been well characterized. Serum protein carbonyls are markers of oxidative damage to proteins and are caused by oxidative stress.
Sarcopenia, or loss of muscle strength and muscle mass, is an important factor underlying mobility difficulties such as severe walking disability and a decrease in walking speed in older adults. 1 There is initial evidence that excessive oxidative stress is involved in the pathogenesis of age-related sarcopenia and subsequent decrease of strength and mobility. 2 , 3 Reactive oxygen species are formed as intermediates in reduction-oxidation (redox), mostly within mitochondria. Reactive oxygen species are balanced by antioxidant enzymes such as superoxide dismutase, catalase, thioredoxin, and glutathione peroxidase, and exogenous antioxidants such as carotenoids, tocopherols, ascorbate, selenium, flavonoids, and other plant polyphenols.
Clinical Significance
Although oxidative stress has been implicated in the pathogenesis of sarcopenia, the relationship between oxidative stress and physical performance has not been well characterized.
Oxidative damage to proteins was associated with an increased risk of a decline in walking speed and the development of severe walking disability in older women living in the community.
Oxidative stress refers to the condition in which the balance between oxidants and antioxidant defenses is upset, and excess reactive oxygen species cause oxidative damage to nucleic acids, proteins, and lipids. 4 Reactive oxygen species have an extremely short half-life and are difficult to measure in humans, but it is possible to measure the damage that oxidative stress causes to protein, lipids, and DNA. Protein carbonyls are the most studied marker of protein oxidation. 5 , 6 , 7 Protein carbonyls represent several pathways of oxidative protein damage and are useful in epidemiologic studies because they are stable and can be measured in serum or plasma. 7 The relationship between oxidative damage to proteins and functional status has not been characterized in older adults. We hypothesized that higher oxidative stress, as indicated by serum protein carbonyl levels, was associated with an accelerated decline of walking speed and excessive risk of developing severe walking disability among older adults. To address this hypothesis, we examined the relationship between serum protein carbonyl concentrations and walking speed among older women living in the community.
Methods
Subjects in this study were women, aged 65 years and older, who participated in the Women's Health and Aging Study I (WHAS I), a population-based study designed to evaluate the causes and course of physical disability in older women living in the community. WHAS I participants were recruited from an age-stratified random sample of women aged 65 years and older selected from Medicare enrollees residing in 12 contiguous zip code areas in Baltimore. 8 Women were screened to identify self-reported physical disability that was categorized into 4 domains. The domains of disability were ascertained in a 20-to 30-minute home interview that included questions related to:
Mobility and exercise tolerance, that is, walking for a quarter of a mile, walking up 10 steps without resting, getting in and out of bed or chairs;
Upper extremity function, that is, raising your arms up over your head, using your fingers to grasp or handle, lifting or carrying something as heavy as 10 pounds;
Higher functioning tasks (a subset of instrumental activities of daily living, not including heavy housework, for example, using the telephone, doing light housework, preparing your own meals, shopping for personal items); and Basic self-care tasks (a subset of non-mobility-dependent activities of daily living, for example, bathing or showering, dressing, eating, using the toilet).
WHAS I enrolled the one third most disabled women aged 65 years and older, those with disability in 2 or more domains. Of the 1409 women who met study eligibility criteria, 1002 agreed to participate
• in the study in 1992. There were no major differences in sociodemographic or reported health characteristics between eligible participants and those who declined to participate. 8 Standardized questionnaires were administered in the participants' homes by trained interviewers. Mini-Mental Status Examination (MMSE) was recorded. 8 Race was assessed in a questionnaire as black, white, or other; current smoking as yes or no; and education as 0-8 years, 9-11 years, 12 years, or more than 12 years as the highest level of formal education achieved. Two weeks later, a trained registered full-time study nurse conducted an examination of each study participant in her home, using a standardized protocol that included physical performance measures and a standardized physical examination. Approximately 75% of women also consented to phlebotomy performed during a separate visit by a trained phlebotomist who followed a standardized protocol. Further details on the methods and sampling design of the WHAS studies are published elsewhere. 8 Participants were asked to walk over a 4-meter course. Participants were instructed to stand with both feet at the starting line and to start walking after a specific verbal command. Timing began when the command was given. In this test, subjects could use canes, walkers, or other walking aids, but not the aid of another person. The times to complete the first meter and the entire path were recorded. The test was repeated 3 times, twice at the woman's usual pace, and once at her fastest possible pace. The speed of the faster of the 2 usual-pace walks was used in the analyses. The length of the walk expressed in meters divided by the time in seconds was used to calculate the walking speed. 8 Women were categorized as having severe walking disability based upon being unable to walk or having a walking speed <0.4 m/sec. 9 The 0.4 m/sec cutoff point was approximately at the top of the lowest quartile in the WHAS population at baseline 10 and has been shown to predict functional dependence.
11 Demographic characteristics, self-rated health, and information about appetite and eating were measured in the WHAS questionnaires. An interim history of hospitalizations was obtained at each study visit. Chronic diseases were adjudicated by WHAS coinvestigators based on the questionnaire, physical examination, and physician contact. 8 There were 1002 women enrolled in the Women's Health and Aging Study I, of whom 753 women participated in the blood drawing and had serum nutrient measurements at baseline. Of the 753 women, 150 had severe walking disability at baseline, 554 of the 753 women did not have severe walking disability at baseline and had at least one follow-up visit, and 49 women did not have severe walking disability at baseline but did not have a follow-up visit (17 dropped out and 32 died). Of the 554 women without severe walking disability at baseline, there were 545 women who had serum available for measurement of serum protein carbonyls. Women who were unable to walk had a greater severity of activities-of-daily-living disability. 8 There were no significant differences in race or body mass index between those who did and did not participate in the blood drawing, but women who did and did not participate in the blood drawing were different by age (77.4 vs 80.7 years, respectively, P <.0001).
Nonfasting blood samples were obtained by venipuncture between 9 AM and 2 PM. Processing, aliquoting, and freezing were carried out at the Core Genetics Laboratory of The Johns Hopkins University School of Medicine following a standardized protocol. Blood samples were delivered to Quest Diagnostics Laboratories (Teterboro, NJ) and other aliquots were stored continuously at −70°C until the time of laboratory analyses. Serum protein carbonyls were measured using a commercial enzyme-linked immunosorbent assay (Zentech PC Test, Protein Carbonyl Enzyme Immuno-Assay Kit, Biocell Corp, Papatoetoe, New Zealand). Protein carbonyls are stable under long-term storage at −70° C. 7 The assay has a minimum detectability of 0.02 nmol/mg protein, which is well below that range found in healthy human controls. Intra-assay and interassay CVs for protein carbonyl measurements were 10.1% and 18.2%, respectively. Serum IL-6 was measured using a commercial enzyme-linked immunosorbent assay (Quantikine Human IL-6, R & D Systems, Minneapolis, Minn).
Descriptive statistics were used to characterize the study population. Serum protein carbonyls were log-transformed to achieve a normal distribution. Body mass index was categorized as underweight (<18.5 kg/m 2 ), normal range (18.5-24.9 kg/m 2 ), overweight ( ≥ 25-29.9 kg/m 2 ), and obese ( ≥ 30 kg/m 2 )
according to World Health Organization criteria. 12 Grouped-time Cox proportional hazards models 13 were used to examine the associations between serum protein carbonyls and the risk of developing severe walking disability because severe walking disability was determined at 6-month intervals.
Trajectories of walking speed were calculated using generalized estimating equations. 14 Women who did not have at least one follow-up visit after enrollment because of death, refusal, or loss to follow-up were excluded from the longitudinal analyses. The length of follow-up in longitudinal analyses was 36 months. Women who died, refused further participation, or were lost to follow-up after a follow-up visit were censored according to their severe walking disability status at their last visit in the study. Multiple linear regression models with generalized estimating equations methods were used to examine the relationship between log protein carbonyls and decrease in walking speed. The statistical programs used were SAS (SAS Institute, Cary, NC).
Results
There were 545 women who did not have severe walking disability at baseline, had serum protein carbonyl measurements available, and had at least one follow-up visit. There were 154 women (28.2%) who developed severe walking disability during follow-up with an overall rate of severe walking disability of 11.6 per 100 person-years. The characteristics of women who did and did not develop severe walking disability during follow-up are shown in Table 1 . Women who developed severe walking disability were older and more likely to be current smokers, have a MMSE score <24, and to be affected by congestive heart failure, peripheral artery disease, and depression. There were no significant differences between women who developed and those who did not develop walking disability by race, education, body mass index, hypertension, coronary artery disease, stroke, osteoarthritis, chronic obstructive pulmonary disease, diabetes, and cancer. Log e serum protein carbonyls were higher among women who developed, compared with those who did not develop, severe walking disability (P=.07). Multiple linear regression was used to examine the relationship between serum protein carbonyls and other factors with a decrease in walking speed (Table 3) . In a final model adjusting for age, current smoking, MMSE score <24, congestive heart failure, peripheral artery disease, diabetes mellitus, depression, and study visit, log e serum protein carbonyls were associated with a decrease in walking speed (beta=−0.064, SE=0.02, P=.002). IL-6 was not included in the final model because it is considered to be in the causal pathway between oxidative protein damage and decrease in walking speed. When IL-6 was added to the previous model, log e protein carbonyls (beta=−0.057, SE=0.031, P=.006) and log e IL-6 (beta=−0.064, SE=0.016, P <.0001) were associated with a decrease in walking speed. An alternative multiple linear regression model was explored that included hospitalizations in addition to the variables in the first model above. When hospitalizations were included in the multivariate model, log e protein carbonyls were associated with a decrease in walking speed (beta=−0.062, SE=0.02, P=.002). 
Characteristics of Women Who Developed and Did Not Develop

Discussion
This study shows that older community-dwelling women with higher oxidative stress, as indicated by oxidative damage to proteins, are experiencing an accelerated decrease in walking speed and are at higher risk of developing severe walking disability. To our knowledge, this is the first study to examine the relationship between oxidative stress and the development of severe walking disability in a population of older adults living in the community. These findings are consistent with the idea that the aging-related decrease in muscle strength may be attributed in part to oxidative stress. Increased oxidative damage to DNA, protein, and lipids has been described in skeletal muscle with atrophy and loss of muscle fibers with aging. 2 , 3 , 15 , 16 A limitation of this study is that markers of oxidative damage were not measured directly in skeletal muscle, which would be invasive and difficult to conduct in a large epidemiologic study. However, serum protein carbonyls are a general measure of oxidative protein damage and have been shown to correlate with oxidative protein damage in tissues. 7 Oxidative stress is considered a basic underlying biological mechanism for atherosclerosis, coronary artery disease, peripheral artery disease, stroke, Alzheimer's disease, and other common morbid conditions in older adults. Oxidative damage to proteins can lead to the loss of structural integrity of cells, compromise cellular function, and increase susceptibility to proteolysis. 17 , 18 , 19 , 20 Oxidative stress can also damage lipids and impair cell structure and function 21 and can damage DNA, resulting in strand breaks, DNA-DNA and DNA-protein cross-links, and other oxidation and fragmentation products. 22 The present study is limited in that oxidative damage to lipids and DNA were not measured. In addition to damaging biomolecules directly, reactive oxygen species can trigger redox-sensitive transcription factors such as NF-kappa B and AP-1 that are involved in the upregulation of inflammatory cytokines such as interleukin-6. 23 , 24 In the present study, when IL-6 was included in multivariate analyses that examined the relationship between serum protein carbonyls and severe walking disability and decrease in walking speed, the magnitude of the relationship of each factor with the outcome was slightly reduced.
A limitation of this study is that the study population included only women, and the findings cannot necessarily be extrapolated to men. In addition, the women represented moderately to severely disabled community-dwelling women, however, this population is the subset that is at highest risk of progression to severe walking disability. Another limitation is that serum protein carbonyls are still an experimental tool rather than a laboratory test that is used or available for clinical use. Because this was an observational study, it is not possible to infer that increased oxidative stress causes functional decline, as increased protein carbonyls could be a marker for individuals at increased risk for other reasons. It is also not possible to control for unmeasured or unknown covariates that might affect the apparent interaction between oxidative damage (as measured by serum protein carbonyls) and decrease in walking speed.
There are behavioral and lifestyle changes that are known to reduce oxidative stress, and these include cessation of smoking, as cigarette smoke is a well-documented source of oxidative stress; 7 adopting a healthy Mediterranean-style diet characterized by high intake of fruits, vegetables, whole grains, nuts, and olive oil; 25 , 26 , 27 , 28 and increasing regular exercise and physical activity. 29 , 30 Future studies should include characterization of long-term effects of such behavioral and lifestyle changes upon oxidative stress and mortality, and additional studies need to be conducted that include the full spectrum from nondisabled to disabled people living in the community. Future studies are needed to examine the relationship between oxidative damage to other biomolecules and adverse outcomes in older adults.
